Neuropeptide Signaling: From the Gut
In the defecation motor program of Caenorhabditis elegans, a pacemaker rhythm generated by the intestine leads to the activation of motor neurons controlling enteric muscle contraction. A new study demonstrates that this signal is conveyed by a neuropeptide that is released from intestinal cells and acutely depolarizes the motorneurons, acting much like a classical neurotransmitter.
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Nematode defecation might seem an obscure (and perhaps undignified) topic for scientific study. However, over the years, studies of Caenorhabditis elegans defecation have provided surprising and novel biological insight into a variety of processes, ranging from synaptic transmission [1] to biological rhythms [2] to aging [3] . The neural circuit controlling C. elegans defecation is unusually simple and well-characterized yet generates a precisely timed and closely regulated motor program; hence it has proven to be a useful model for studying the neural and molecular control of behaviour.
At the cellular level, the defecation motor program is among the best characterized of all nematode behaviours [4] . The motor output involves both the somatic body muscles, whose rhythmic oscillations also generate sinusoidal locomotion, as well as a set of specialized enteric muscles. The first step of the motor program (termed the pBoc) involves simultaneous contraction of the dorsal and ventral posterior body muscles, which concentrates the intestinal contents in the anterior lumen. In the second step (the aBoc), the anterior body muscles contract, squeezing the intestinal material to the posterior while building up lumenal pressure. Finally, in the expulsion (Exp) step, the enteric muscles contract and the pressurized gut contents are released. C. elegans are remarkably regular animals, and defecation events occur with strict periodicity; in well-fed animals, a defecation motor program is initiated every fifty seconds [2, 4] .
Molecular and genetic studies of the defecation motor program have revealed surprising and unconventional mechanisms for rhythm generation and cell-cell communication. The pacemaker rhythm itself is generated not by a neural circuit, but rather by calcium oscillations in the intestinal cells themselves ( Figure 1 ). These oscillations, which are generated by the IP3 receptor ITR-1, have a period identical to that of the defecation motor program, and the peak of the calcium transient correlates with the onset of the pBoc [5] . Remarkably, the molecules that carry the signal between the intestine and the posterior body muscles are protons generated by a Na + /H + exchanger in the intestinal cells; these activate a proton-gated cation channel in the body muscles that depolarizes them and induces contraction [6, 7] . The mechanisms for activating the aBoc and Exp events are incompletely understood, but the expulsion step is known to be dependent on both the AVL and DVB motorneurons [8] , which depolarise the enteric muscles through excitatory GABA transmission involving the novel GABA-gated cation channel EXP-1 [9] .
A missing piece to this puzzle has been the mechanism by which the intestinal pacemaker communicates with the defecation motorneurons to depolarize them and induce enteric muscle contraction. The observation that mutants defective in neuropeptide processing are defective in both the aBoc and Exp steps (termed the Aex phenotype) provided a clue that neuropeptide signaling might be involved [1, 10, 11] . Indeed, a new paper by Sieburth and colleagues [12] published in a recent issue of Current Biology has identified a neuropeptide released from the intestine that activates a receptor in the DVB motorneurons to specifically trigger the expulsion step via DVB depolarization.
The authors began with a forward genetic screen to identify mutants specifically defective for the Exp step. They identified a loss of function mutation in the neuropeptide precursor gene nlp-40 that caused a nearly complete and specific Exp defect. NLP-40 polypeptide fusions were found to be localized in puncta on the basolateral surface of intestinal cells, suggesting the possibility of dense core vesicle (DCV)-mediated intestinal release of NLP-40. Indeed RNAi-mediated knockdown of the putative DCV calcium sensor snt-2 also caused a defect in Exp. Moreover, Figure 1 . The Caenorhabditis elegans defecation motor program. A pacemaker oscillation generated by the IP3 receptor ITR-1 in intestinal cells triggers a three-step defecation motor program every 50 seconds. In the first step (pBoc), protons released by the PB0-4 sodium/proton exchanger activate the PBO-5/6 proton channel and depolarize posterior body muscles. In the second step (aBoc), anterior body muscles are depolarized in a step requiring the AVL motorneurons. In the third step (Exp), NLP-40 peptides are released from gut dense core vesicles and activate the DVB motorneurons through the AEX-2 metabotropic receptor. The DVBs release GABA, which activates the ligand-gated cation channel EXP-1 to depolarize enteric muscles.
SNT-2 appears to tightly co-localize with NLP-40 in the intestine, and mutation of the SNT-2 calcium binding domains phenocopies both the snt-2 null allele and the RNAi knockdown. These results imply that NLP-40 is released from DCVs in response to calcium peaks from the intestine.
The authors also identified a putative NLP-40 receptor, the GPCR homologue AEX-2. The aex-2 mutants, like the nlp-40 mutants, lack the Exp (as well as the aBoc) step [11] . In addition, aex-2 reporters are expressed in the DVB motor neuron, the presumed target of NLP-40 in vivo. The authors further demonstrated that synthetic NLP-40 peptides could activate heterologously-expressed AEX-2 in an in vitro assay system. Thus, AEX-2 appears to be an authentic receptor for NLP-40 peptides.
Finally, the authors addressed the question of how NLP-40 activates the DVB neurons: does it potentiate the response to a primary neurotransmitter, or are NLP-40 peptides themselves primary neurotransmitters? Consistent with the latter hypothesis, they observed that mutants defective in the biosynthesis, transport or release of each of the classical neurotransmitters (acetylcholine, glutamate, and monoamines) all failed to display any dysfunction in the Exp step. Furthermore, microinjection of synthetic NLP-40 peptides into the pseudocoelomic space between the intestine and the body wall muscles acutely triggered DVB excitation. Taken together, these results suggest that NLP-40 peptides indeed act like classical neurotransmitters to acutely depolarize the DVB motorneurons.
The role for neuropeptide signaling in the C. elegans defecation circuit is perhaps not as unusual as it might seem at first glance. While neuropeptides are typically thought of as cotransmitters that modify the actions of fast-acting classical neurotransmitters, their ability to independently modulate neuronal excitability has parallels in, for example, the fly olfactory system [13] . Indeed, neuropeptide-gated cation channels have been identified in molluscs and Hydra [14, 15] , though homologous molecules have not been identified in other organisms. Additionally, the release of neuromodulatory peptides such as ghrelin from gut cells is also a well-established phenomenon [16] . Finally, other neuropeptides have been shown to be important for biological timing; the role of PDF in modulating the circadian clock is a notable example [17] .
Nonetheless, the regulated release of an intestinal peptide to trigger individually timed neuronal depolarizations on a time scale of a few seconds still seems a rather unexpected way to coordinate a motor program. Whether such a mechanism represents a unique solution to the challenges of a nervous system with an extremely low cell number, or whether similar processes occur in bigger nervous systems, is anyone's guess. But clearly there is much to learn about how neuropeptides can contribute to the functions of neural circuits. Because our eyes are offset from one another, objects in the world generally project to different retinal locations in the two eyes. Stereo '3D' vision is the ability to deduce information about object distance from these binocular
